Abstract. The treatment of osteoporosis typically inhibits the activity of osteoclasts, which subsequently results in the suppression of bone formation and maintenance, however the underlying mechanism remains to be elucidated. The receptor activator of nuclear factor κ-B ligand (RANKL)-receptor activator of nuclear factor κ-B (RANK) signaling axis is important in the osteoblast regulation of osteoclasts. RANKL surface-bound molecules expressed on T cells stimulate a reverse signaling transduction in order to regulate the T cells, therefore the present study hypothesized that RANKL expressed on osteoblasts may transfer reverse signals to regulate osteoblasts. A series of experiments were designed to test the hypothesis, using MTT, stealth RNA interference, reverse transcription-quantitative polymerase chain reaction, western blot analysis, alkaline phosphatase activity assay and alizarin red staining. The present study observed the role of RANK-RANKL reverse signaling on osteoblasts, regulated by osteoclasts. Osteoblasts were treated with recombinant RANK proteins. The soluble RANK enhanced the mineralization of osteoblasts. When the RANKL was knocked down in the osteoblast, RANK demonstrated a weak osteogenic effect on the RANKL-deficient osteoblast compared with the wild-type osteoblast which served as a control. Addition of soluble RANK activated the p38 mitogen activated protein kinase (MAPK) signaling pathway in the osteoblast and blocking this same pathway in E1 cells reduced the effect of RANK. In the co-culture system of osteoblasts and osteoclasts, p38 MAPK in E1 cells was phosphorylated a short time following co-culture and the phosphorylation then blocked by abundant soluble RANKL. The findings suggested that RANKL expressed on osteoblasts transferred reverse signals from the exterior of the cell to the interior, which regulated the osteoblasts.
Introduction
The functional activity of osteoblasts and osteoclasts is synergistic and an imbalance may result in a variety of diseases, including osteoporosis. Osteoblasts regulate osteoclasts via the receptor activator of nuclear factor κ-B ligand (RANKL)-receptor activator of nuclear factor κ-B (RANK) signaling pathway. RANKL is expressed on osteoblasts and T cells. It binds the receptor RANK, which is produced on osteoclasts and their progenitors. The interaction of RANK with RANKL is required for osteoclast formation, differentiation, activation and survival. RANKL-RANK signaling is important in the osteoblast regulation of osteoclasts (1) . Osteoprotegerin (OPG) and soluble RANK have been developed as pharmaceutical candidates (2) , and anti-human RANKL neutralizing antibody (denosumab) has gained approval from the Food and Drug Administration and the European Medicines Agency for the treatment of postmenopausal osteoporosis and cancer-associated bone disorders (3) .
RANKL is a member of the tumor necrosis factor (TNF) super-family and is produced on osteoblasts and T cells. It has previously been suggested that this membrane-integrated TNF ligand may receive signals, subsequently acting as a receptor, to transmit positive and negative feedback signals into the ligand-bearing cell (4) . Therefore, reverse signaling enables a two-way communication in cell-to-cell signaling, and it is conceivable that this bidirectional signal exchange contributes to the plasticity of the ligand-receptor systems. It has been reported that RANKL expressed on the surface of activated cluster of differentiation (CD)4+ T helper (Th)1 cells is involved in a reverse signaling process to suppress interferon-γ secretion via activated Th1 cells. The process is associated with the activation of p38 mitogen-activated protein kinase (MAPK) and is blocked by SB203580, a p38 MAPK specific inhibitor (5) . Recombinant RANK may upregulate interleukin-8 (IL-8) in B chronic lymphocytic leukemia cells via this reverse signaling process (6) .
It has additionally been reported that bone formation may be regulated by osteoclast activity. The bone remodeling process involves a balance between bone resorption and formation, therefore this equilibrium may be controlled via a concerted action between the two cell types. However, the mechanism by which osteoclast feedback regulates osteoblasts remains to be elucidated. Previous research has indicated that the trans-membrane RANKL expressed on T cells regulates their activity via reverse signaling (4) . Therefore, the present study hypothesized that the RANKL expressed on osteoblasts may receive reverse transduced signals and result in osteoclast regulation of osteoblasts via RANK-RANKL reverse signaling. This novel, identified pathway may contribute to the further understanding of how osteoclasts regulate bone formation. To test the hypotheses, the present study investigated the effects of recombinant RANK protein on osteoblast differentiation/mineralization in MC3T3-E1 (E1) cells and investigated the mechanism and signaling pathways of RANK-induced osteoblastogenesis. It was observed that RANKL exhibited a reverse signal transduction ability and this finding may aid in the identification of the specific underlying mechanism that regulates the coupling between bone formation and resorption.
Materials and methods
Reagents. Recombinant soluble RANK (sRANK) and recombinant soluble RANKL (sRANKL) were prepared by E. coli as previously described (7). Various single-amino-acidmutant RANK sequences were designed based on the RANKL-RANK structure (8) , and their binding affinity to RANKL was assessed. A mutant-RANK (Trp81Ala) with an extremely low binding affinity to RANKL was identified and subsequently termed mu-RANK. Mu-RANK exhibited a single amino acid difference compared with the wild-type RANK and was used as a control. The binding affinity of the Glu225Ala mutant RANKL, is dramatically decreased by 100-fold and this mutant RANKL (mu-RANKL) was used as a control in the test. SB203580 p38 inhibitor was purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). β-glycerophosphate, ascorbic acid phosphate and dexamethasone (Dex) were additionally purchased from Sigma-Aldrich; Merck KGaA. Alkaline phosphatase activity assay (ALP) and alizarin red staining. The ALP activity assay was conducted using an ALP kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), according to the manufacturer's protocol. Alizarin red staining was performed to detect calcium deposits. The cultured cells were fixed by 10% neutral buffered formalin and stained with 1% alizarin red S solution for 10 min at room temperature. The calcified nodules were observed under a light microscope (Olympus Corporation, Tokyo, Japan).
Western blot analysis. Cells were lysed on ice for 5 min using radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Beijing, China), and were then sonicated briefly and centrifuged for 10 min at 14,000 x g in a cold microfuge. Protein concentrations were determined using a bicinchoninic acis assay (Beyotime Institute of Biotechnology). Total protein samples (40 µg per lane) were separated by 10% SDS-PAGE and transferred to nitrocellulose membranes (EMD Millipore, Billerica, MA, USA). Following blocking with 5% dried skim milk in TBS/0.05% Tween-20 (TBST) for 1 h at room temperature, the membranes were incubated overnight at 4˚C with primary antibodies against osteocalcin (catalog no. sc-30045; 1:1,000 dilution; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), p38 (catalog no. sc-7149; 1:1,000 dilution; Santa Cruz Biotechnology, Inc.), phospho-p38 (catalog no. 4092; 1:1,000 dilution; Cell Signaling Technology, Inc. Danvers, MA, USA), and β-actin (catalog no. NB600-503; 1:5,000 dilution; Novus Biologicals, LLC. Littleton, CO, USA) in TBST. Following 3 washes with TBST, membranes were incubated with horseradish peroxidase-conjugated anti-rabbit immunoglobulin (Ig)G antibody (catalog no. A0208; 1:5,000 dilution; Beyotime Institute of Biotechnology) for 1 h at room temperature. Protein expression signals were detected with Enhanced Chemiluminescence-plus substrate (Applygen Technologies, Inc., Beijing, China) using the ChemiDoc™ XRS+ system (Bio-Rad Laboratories, Inc. Hercules. CA, USA), according to the manufacturer's protocol.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA of the cells was isolated using TRIzol ® (Invitrogen; Thermo Fisher Scientific, Inc.). To carry out qPCR, cDNAs were synthesized from 1 µg of the RNA using Transcriptor First Strand cDNA Synthesis kit (Roche Diagnostics GmbH, Mannheim, Germany), according to the manufacturer's protocol. qPCR analysis of RANKL and GAPDH was conducted using the ABI Prism 7300 real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) and PowerUp TM SYBR TM Green Master mix (Applied Biosystems; Thermo Fisher Scientific, Inc.). Each reaction mixture contained 10 µl SYBR Green master mix, 7 µl RNase-free H 2 O, 1 µl 10 mM forward primer, 1 µl 10 mM reverse primer, and 1 µl cDNA in a final reaction volume of 20 µl. Cycling conditions were as follows: An initial denaturation at 95˚C for 10 min, followed by 40 cycles of denaturation at 95˚C for 15 sec, annealing at 55˚C for 15 sec and elongation at 72˚C for 15 sec. Gene expression was normalized to the internal reference gene GAPDH. The 2 -∆∆Cq method (10) was used to determine relative fold changes. The primers were designed as follows: Forward, 5'-GGC AAG CCT GAG GCC CAG CCA TTT-3' , and reverse, 5'-GTC TCA GTC TAT GTC CTG AAC TTT-3' for RANKL and forward, 5'-CAC CAT GGA GAA GGC CGG GG-3', and reverse, 5'-GAC GGA CAC ATT GGG GGT AG-3' for GAPDH. All experiments were performed in triplicate.
Statistical analysis. Statistical analysis was performed using SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA). The data are expressed as the mean ± standard deviation from all experiments. Significant differences were determined using one-way ANOVA with Dunnett's post-hoc test or unpaired Student's t-test. P<0.05 was considered to indicate a statistically significant difference. , and 10 −4 g/l RANK protein for 2 weeks to detect mineralization by alizarin red staining. The RANK increased the ALP activity in a dose-dependent manner and stimulated mineralization in pre-osteoblastic cells compared with the control group (Fig. 1B and C) . Furthermore, the expression of osteocalcin was upregulated in a time-dependent manner (Fig. 1D) .
Results

RANK protein increases osteoblastogenesis in E1 cells
RANK-induces osteoblastogenesis via interaction with RANKL.
RANKL is the only RANK-binding protein described in previous reports, therefore the present study investigated if the interaction of RANK with membrane-bound RANKL on osteoblasts leads to osteoblastogenesis. RANKL expression in E1 cells was knocked down by RNAi. The cells transfected with Stealth TM RNAi oligonucleotide of RANKL for 48 h demonstrated a significant downregulation in gene expression ( Fig. 2A) . RANKL knockdown reduced ALP activity in cells treated with 10 −4 g/l sRANK protein. RANK demonstrated a weaker activity in RANKL-deficient cells compared with wild-type cells (Fig. 2B) . These results were verified by alizarin red staining (Fig. 2C) .
MAPK p38 signaling pathway is involved in RANK stimulation in E1 cells.
In order to understand the mechanism of the reverse signaling, the present study analyzed the signaling pathways of RANK-induced osteoblastogenesis. Activation of p38 MAPK has been revealed to be required for osteoblast differentiation (11) . Addition of RANK protein to the cell culture markedly enhanced phosphorylation of p38 following 10 min and the phosphorylation was maintained for 240 min (Fig. 3A) . The p38 MAPK inhibitor, SB203580, significantly diminished the ALP activity and the size and number of calcified nodules in a dose-dependent manner ( Fig. 3B and C) .
RANK-RANKL interaction blocks reverse signaling in
osteoblast and osteoclast co-culture system. The osteoblast and osteoclast co-culture system is unable to be continuously maintained, therefore only the phosphorylation of p38 MAPK signaling factor was examined, a short period following induction of the co-culture (30, 60, 90 and 120 min).
The results indicated that p38 MAPK in co-culture cells was observed to undergo phosphorylation a short time period following osteoblast and osteoclast interaction ( Fig. 4A and B) . To examine if the RANKL reverse signal is important in this process, soluble RANKL was added to the co-culture system and mu-RANKL with low activity as a control (Fig. 4C) . Abundant soluble RANKL blocked osteoblast contact with osteoclasts via RANKL-RANK binding. The result demonstrated that the phosphorylation may be blocked by soluble RANKL. The soluble RANKL is a highly specific receptor to RANK and the findings suggested that the specific binding interaction RANKL-RANK blocked the reverse signaling pathways from osteoclast to osteoblast.
Discussion
It has previously been demonstrated that osteoblasts regulate osteoclasts via the RANKL-RANK-OPG signaling pathway and are able to exhibit bidirectional signaling (12) . Communication between osteoclasts and osteoblasts affects mass and quality of bone production. Excess remodeling associated with aging reduces bone mass, whereas suppressed bone remodeling increases it. Administration of antiresorptive agents including bisphosphonates increases bone mass in patients with osteoporosis or other remodeling-associated diseases. However, bone strength is determined by bone quality in addition to mass (13) . Suppressed bone remodeling reduces bone quality due to accumulation of micro fractures and reduced restructuring of bone architecture (14) . Therefore, understanding osteoclast-osteoblast communication and bone quality is essential to design effective interventions that will simultaneously prevent bone loss and maintain bone quality.
It has previously been suggested that recombinant murine RANK protein effectively inhibits the activity of osteoclasts and the resulting bone resorption (9) , however the exact mechanism remains to be elucidated. To the best of our knowledge, the present study demonstrated for the first time that the soluble RANK stimulated differentiation and mineralization of osteoblastic cells in vitro, which indicated that the single protein upregulated osteoblastogenesis. The effect was achieved via activation of the RANK-RANKL reverse signal. These results suggested that RANK exerted an effect on stimulation of bone formation.
RANKL, which is a member of the TNF family, is a type II trans-membrane protein containing a C-terminal TNF homology domain. Numerous TNF family proteins may be expressed in a soluble form or released from the cell surface via specific protease cleavage (15, 16) , however, the majority act as membrane-bound factors and require direct cell-to-cell contact. The possibility therefore exists for the bidirectional transfer of information upon TNF-TNFR ligation. TNF family member ligands induce forward signals delivered via their respective receptors that promote cell survival, death, differentiation or inflammation in cells expressing members of the TNFR family, depending on the activation state of the cells and the expression levels of the TNFR family molecules. TNFR family members additionally may serve as ligands to initiate reverse signaling, regulation of cell proliferation, cytokine secretion, oxidative burst, class switch and T cell maturation in cells expressing molecules of the TNF family (4) . Previous studies have suggested that reverse signaling occurs between the members of the TNF family receptors, including TNF-α, CD-40, Fas and RANK, and their respective membrane-bound ligands, that transmit signals as receptors (5, 17) . Numerous molecules of the TNF family serve as counter-receptors and transmit reverse signals activated by their respective TNF receptors (18) .
Soluble RANK may bind to RANKL and block the RANKL-RANK forward signal to inhibit osteoclastogenesis. However, the present study suggested that soluble RANK bound to trans-membrane RANKL and activated the RANK-RANKL reverse signal to promote osteoblastogenesis, a pathway reversal which has been confirmed to occur in other TNF family members. RANK is an artificial synthetic peptide that binds RANKL, therefore it was hypothesized that it would act as an endogenous ligand to RANKL. The interaction of RANKL and RANK exhibits the potential to transmit a bidirectional signal to activate osteoclasts and osteoblasts via forward and reverse pathways, respectively.
The crystal structure of RANK-RANKL binding interaction was identified. The present study constructed several variations of RANK and RANKL sequences, each with one amino acid mutation introduced. The affinity of RANK and RANKL was measured using a BIAcore 3000 system as previously described (7) . Mu-RANK, with one amino acid mutation present in the key site, has been demonstrated to bind RANKL with a one-fifty affinity compared with wild-type RANK (8) , indicating the importance of the crystal structure in protein interaction research. To examine if RANK depends on RANKL in its osteoblastogenesis activity, RANKL expression in E1 cells was knocked down using RNAi. It was observed that the activity of RANK was partially blocked in the RANKL-knockdown cells. The difference in activity of RANK between the RANKL-deficient and wild type cells indicated that RANKL was involved in RANK-induced osteoblastogenesis. The results suggested that RANK interacted with the RANKL present on the osteoblast and stimulated osteogenic growth via RANKL signaling.
Consistent with a previous report that activation of p38 MAPK was involved in RANKL signaling in T cells (5), it was demonstrated that the addition of RANK activated p38 MAPK in osteoblastic cells following 30 min, indicating the signal was directly transmitted via RANKL on the cells. OPG and RANK have been demonstrated to bind RANKL. Previous studies demonstrated that both osteoclastogenesis and osteoblastogenesis were enhanced in OPG-deficient mice (19, 20) , suggesting that bidirectional signaling was enhanced without OPG, as OPG is a decoy receptor for RANKL. The observation of a similar phenotype in RANKL-deficient mice and RANK-deficient mice verifies that RANKL is the only ligand of RANK (21, 22) .
Co-cultures are of primary interest for in vitro studies as they reconstruct natural conditions and allow elucidation of various aspects of the complex interactions between bone-building and bone-resorbing cells. Successful culture studies involving osteoblast cell lines or primary osteoblasts in combination with peripheral blood mononuclear cells or isolated monocytes have been reported. The cells are of murine or human origin and cultivated with or without the addition of macrophage colony-stimulation factor and RANKL (23, 24) .
In conclusion, it was demonstrated that RANKL present on osteoblasts exhibited a reverse signal transduction ability. Dysfunction of the reverse signaling pathway may act as an underlying mechanism of osteoporosis. The findings may aid identification of the mechanism regulating the coupling between bone formation and resorption. A reverse signaling via RANKL is involved in part in RANK-induced osteoblast differentiation. The RANK-RANKL reverse signaling interaction may act as a novel and potential mechanism to explain and fully elucidate osteoclast regulation of osteoblasts and provide a novel perspective for the treatment of osteoporosis. RANK-RANKL reverse signaling was studied in the present study and other possible reverse signaling interactions require investigation in future studies.
